[1] The heterogeneous uptake and oxidation of SO 2 on particle surfaces representative of mineral dusts found in the atmosphere have been investigated. These particles include metal oxides (e.g., hematite, corundum), calcite, and China loess. FT-IR spectroscopy was used to characterize surface-bound species following exposure to gaseous SO 2 . It was found that SO 2 irreversibly adsorbs as sulfite (SO 3 2À ) and/or bisulfite (HSO 3 À ) on all particle surfaces with the exception of SiO 2 . The adsorbed species can be oxidized to sulfate and/or bisulfate (SO 4 2À and/or HSO 4 À ) upon exposure to ozone. Knudsen cell reactor studies were done to measure heterogeneous uptake coefficients for SO 2 . Initial uptake coefficients, calculated using BET surface areas, g BET , are found to be lower than that found for water droplets. As shown here, the g BET value for China loess can be predicted from the reactivity of the single component oxide and carbonate particles along with the average composition of the dust sample, with each component weighted by its natural abundance in the sample.
Introduction
[2] There is increasing evidence that mineral dust aerosol has a profound effect on the Earth's atmosphere. As a result of the continued increase in the Earth's dusty regions due to ongoing erosion, overgrazing, mining and other industrial activities, it is expected that the emission of mineral dust aerosol will only increase. Atmospheric modeling studies have shown that mineral aerosol has a potentially important role in the chemistry of the troposphere, by interacting with trace atmospheric gases such as HNO 3 and SO 2 [Talbot et al., 1986; Luria and Sievering, 1991; Dentener et al., 1996; Li-Jones and Prospero, 1998; Savoie et al., 1989; Song et al., 1999; Kerminen et al., 2000] . Laboratory studies have been initiated to quantify heterogeneous chemistry on mineral aerosol so as to further understand the impact that these reactions may have on the chemistry of the atmosphere [Judeikis et al., 1978; Savoie et al., 1989; Talbot et al., 1986; Savoie et al., 1994; Hobert, 1995; Levin et al., 1996; Li-Jones and Prospero, 1998; Boerensen et al., 2000; Goodman et al., 2000; Underwood et al., 2000; Silva et al., 2000; Goodman et al., 2001; Underwood et al., 2001; Crowley, 2001a, 2001b] .
[3] Field studies show that mineral aerosols are often coated in sulfates and nitrates [Savoie and Prospero, 1982; Savoie et al., 1989; Zhuang et al., 1999 Zhuang et al., , 2000 . It is known that sulfate particles play a key role in global climate by participating as cloud condensation nuclei and by scattering solar radiation, thereby having a cooling effect on the atmosphere [Dentener et al., 1996; Hegg et al., 1996; Chuang et al., 1997; Seinfeld and Pandis, 1998 ]. Laboratory studies have determined that the inclusion of a mineral dust particle in ammonium sulfate can change the efflorescence and deliquescence cycles of the electrolyte coating and that these changes are a function of the size of the inclusion [Han and Martin, 1999; Onasch et al., 2000; Martin, 2000; Martin et al., 2001a] .
[4] The mechanisms of sulfate formation on mineral aerosol are not completely understood Dentener et al., 1996] . It is well known that SO 2 can be oxidized to sulfate in aqueous aerosol by ozone and hydrogen peroxide [Dlugi, 1983; Saxena and Seigneur, 1987; Worsnop et al., 1989; Jayne et al., 1990; Luria and Sievering, 1991; Martin and Good, 1991; Sievering et al., , 1992 Chameides and Stelson, 1992; Sievering et al., 1995; Suhre et al., 1995; Keene et al., 1998; Capaldo et al., 1999; Krischke et al., 2000] . It has been proposed that ozone can oxidize adsorbed sulfite to adsorbed sulfate [Maahs, 1983a [Maahs, , 1983b on particle surfaces. In addition, S(IV) oxidation by molecular oxygen can be catalyzed by iron-containing species [Faust et al., 1989; Martin and Good, 1991; Siefert et al., 1996] .
[5] In this laboratory study, we have investigated the heterogeneous uptake and oxidation of SO 2 on particles representative of mineral dust found in the troposphere.
Kinetic data (Knudsen cell measurements) along with spectroscopic data (FT-IR spectroscopy) are used to determine both heterogeneous uptake coefficients and to characterize surface-bound products, respectively. Several different solid particles, representative of mineral dusts, were investigated. These include a-Al 2 O 3 , a-Fe 2 O 3 , CaCO 3 , TiO 2 , SiO 2 , and China loess. The China loess sample is shown to have a reactivity that is consistent with the reactivity of an external mixture of the single component oxide and carbonate particles investigated here. In addition, it is found that the initial uptake coefficient for SO 2 on mineral dusts is lower than that found for aqueous aerosol and that adsorbed SO 2 can be oxidized to adsorbed sulfate by gas-phase ozone, thus representing a mechanism for sulfate formation.
Experimental Section

Characterization of Powdered Samples
[6] Several different oxide and carbonate powders purchased from commercial sources were used in this laboratory study. These powders include a-Al 2 O 3 , CaCO 3 , and MgO purchased from Alfa Aesar, a-Fe 2 O 3 purchased from Aldrich Chemical Co. and TiO 2 (P25) and SiO 2 (Aerosil 200) purchased from Degussa. The surface areas of these powders were measured with a Quantachrome Nova 1200 BET apparatus that uses a multipoint Brunauer-EmmettTeller (BET) analysis. The BET areas were determined to be (in cm 2 mg
À1
): 140 for a-Al 2 O 3 , 4.6 for CaCO 3 , 150 for MgO, 23 for a-Fe 2 O 3 , 500 for TiO 2 , and 2500 for SiO 2 .
[7] The China loess (obtained from the National Institute for Environmental Studies, Tsukuba, Ibaraki, Japan) was examined by BET analysis, scanning electron microscopy (SEM) and energy-dispersive x-ray (EDX) analysis. The BET surface area of the sample was determined to be 110 cm 2 mg
. The SEM and EDX data were obtained from a Hitachi S-4000 field emission scanning electron microscope capable of 1.5 nm resolution, equipped with a Kevex Quantum energy dispersive system. The average elemental composition, excluding oxygen and carbon, was determined from the energy-dispersive x-ray analysis of a wide area inclusive of many particles. The major component of the dust is silicon (48 atomic percent of the elements present excluding carbon and oxygen) with significant amounts of aluminum, calcium, and iron (10, 22, and 10 percent, respectively, of the elements present excluding carbon and oxygen) as well. Smaller amounts of magnesium and titanium, 2 and 1 percent respectively, are present with some potassium (6 percent) as well.
[8] A SEM image of an aggregate of particles from the loess sample is shown in the center of Figure 1 along with two-dimensional x-ray maps of several elements including Fe, Al, Si, Ca. The image shows that the particles differ in their chemical composition, as expected for mineral dust particles [Falkovich et al., 2001] . Some particles are enriched in certain elements, e.g., Fe in the region labeled a, whereas others are enriched in other elements, e.g., Ca in the region labeled b. Even within a given particle there are different elements present, e.g., aluminum and silicon are often together (see regions labeled c) as dust particles are often composed of aluminum silicate clays such as kaolinite and illite.
Sources of Gases
[9] Ozone was generated in the laboratory by flowing O 2 (Air Products USP Grade 99.95% minimum purity) through an electrical discharge ozone generator (OREC Model O3V5-O), creating an O 3 /O 2 mixture. This mixture was passed through a silica gel trap, which was cooled to 184 K by a 2-propanol/liquid nitrogen slush bath for 4 hours. During this time, ozone adsorbs to the silica gel, while the oxygen passes out of the trap. After removal of the cold bath, ozone is warmed off the silica gel trap and collected into an evacuated 500 mL glass bulb to a known pressure. Concentrations of ozone in the bulb ranged between 1 and 5% with oxygen making up the remainder.
[10] Gaseous SO 2 (Matheson, 99.98 wt.% min. purity) was used as received.
Spectroscopic Measurements
[11] The FT-IR sample cell consists of a stainless steel cube with germanium windows and a nickel sample holder. The inside walls of the cell and the sample holder are coated with Teflon to reduce reaction of gases with the walls of the cell and holder. A tungsten grid half-coated with a particular powder is held in place by jaws, also coated in Teflon, on the sample holder. The cell is attached to a vacuum chamber by a short length of Teflon tubing. The vacuum chamber consists of a two-chamber glass gas manifold, a 60 l s À1 turbo pump (Varian) and two absolute pressure transducers (ranging from 1 to 1000 Torr and 1 to 10 Torr).
[12] Inside the FT-IR spectrometer, the infrared cell is mounted on a linear translator to allow both sides of the sample grid to be analyzed by moving the cell back and forth through the infrared beam path. Each spectrum was collected using 250 scans with 4 cm À1 resolution over the range of 750 -4000 cm
À1
. To obtain absorbance spectra of the gas phase and adsorbed species, single-beam spectra of the blank side of the grid and of the coated side were referenced to single-beam spectra that were taken prior to exposure of SO 2 . Additional details of the apparatus can be found in Grassian [2001] .
Kinetic Measurements
[13] Kinetic measurements of the heterogeneous uptake of SO 2 were done using a Knudsen cell reactor. The Knudsen cell is comprised of a reaction chamber with an inlet valve, a multistaged sample holder, and an escape aperture. The interior surfaces are coated with Teflon to reduce reactions with the walls. The Knudsen cell reactor is coupled to a quadrupole mass spectrometer (UTI DetecTorr II) in order to detect gas-phase reactant and product species and to determine uptake coefficients on the powdered samples. A schematic of the multistaged sample chamber can be found elsewhere [Grassian, 2001; Underwood et al., 2001] . To begin each experiment, sulfur dioxide was flowed for at least ten minutes to passivate the system. The gas was introduced through a slightly-heated leak valve to a desired pressure, measured by an absolute pressure transducer (MKS 690 A.1 TRC with a range of 10 À6 to 0.1 Torr). During passivation the sample lids were down, covering the powdered samples so as to avoid exposure to SO 2 . The SO 2 parent ion (m/e = 64) was monitored during these experiments. Other mass channels were monitored in addition to the parent ion, including H 2 O (m/e = 18), CO 2 (m/e = 44), SO 3 (m/e = 80) and H 2 SO 4 (m/ e = 98). Heterogeneous uptake coefficients were measured at a pressure of 4 mTorr, which is equivalent to 1.3 Â 10 11 molecules/cm 3 or about 5 ppb, relative to atmospheric concentrations.
Results and Discussion
[14] As discussed above, heterogeneous reaction kinetics were measured using a multistaged Knudsen cell reactor. Initially, a steady flow of SO 2 was achieved before the powder was exposed. Upon opening the lid of each sample holder containing a reactive powder, the SO 2 signal of the parent ion monitored at m/e = 64 dropped below its steady state value. An observed uptake coefficient, g obs , can be determined from the steady state derived Knudsen cell equation, (1) as follows [Golden et al., 1973; Golden and Manion, 1992] :
where A h is the effective area of the escape hole, or escape aperture (A h = 0.324 cm 2 ), A s the geometric area of the sample holder (A s = 5.07 cm 2 ), and I o and I are the QMS intensity measured with sample covered and sample exposed, respectively. The values reported here are the initial uptake coefficients, g o,obs , representing the uptake coefficient that is observed at the initial stages of the reaction. As shown earlier [Goodman et al., 2001] , for SO 2 uptake g o,obs depends on the sample mass, and therefore upon the number of particle layers, and total surface area, a dependence that is not accounted for when using equation (1). As equation (1) was derived assuming the total number of gas-surface collisions is with the top layer only, it does not take into account diffusion into the underlying layers. It has been previously shown [Underwood et al., , 2001 ] that the observed mass dependence involves the diffusion of the reactant gas to underlying layers, resulting in an increase in the number of collisions with the total surface area of the powder, and this must be accounted for in the determination of a true uptake coefficient.
[15] As seen in the inset of Figure 2 , the QMS intensity decreases when the sample holder lid is open to CaCO 3 powder. The initial observed uptake, g o,obs , is determined using equation (1) and is measured for several CaCO 3 samples that differ in total surface area. From the data presented in the main portion of Figure 2 , it is clear that the observed uptake value is dependent on the mass of the sample: as sample mass increases, so does the observed initial uptake coefficient. The plot in Figure 2 shows only the region where g o,obs is linearly dependent on the mass as described previously . For each powder, the point where g o,obs is no longer dependent is different and changes with the inherent reactivity and surface area of each particular powder.
[16] From the plot and the data given in Table 1 , a massindependent uptake coefficient can be derived as
where A BET is the surface area of the sample, taken as the BET area. This area is equal to the specific BET area of the powder (cm 2 mg
À1
) times the sample mass. It can be seen that the BET-surface-area-corrected value of the initial uptake coefficient, g o,BET , is 1.4 ± 0.7 Â 10 À4 for CaCO 3 .
[17] The results for each experiment done in the linear regime for the other samples investigated are given in Table 1 . The right-hand column gives the average value of the BET-area-corrected uptake coefficients determined for each powdered sample. The results presented in Figure 2 and Table 1 demonstrate that under the experimental conditions used in this study, it is not feasible to ignore diffusion into the underlying layers and that this is an important process that must be taken into account when determining uptake coefficients on these powdered samples. The average values of the initial uptake range from <1 Â 10 À7 for SiO 2 where no uptake is observed to 5.1 ± 0.5 Â 10 À4 for MgO. The numbers measured here for the initial uptake are most likely lower limits as water adsorbed on the particle surface has been shown to enhance the measured uptake of SO 2 on particle surfaces [Gebel et al., 2000] .
[18] China loess was investigated in order to demonstrate that the use of the oxide and carbonate powders as models is justified. The initial uptake of SO 2 on China loess was determined to be 3 ± 1 Â 10
À5
. This is a fairly low value, compared to the other values obtained with many of the powders; however, it is a reasonable value when the composition of China loess is taken into consideration. The bulk composition of the loess sample determined by EDX (excluding carbon and oxygen analysis) is found to contain 48 percent silicon, presumably as the oxide. As shown in Table 1 , SiO 2 exhibits essentially no reactivity toward SO 2 gas. The value of g o,BET for the desert sample is consistent with these results in that the value is lower than the other oxides but not as low as that for pure SiO 2 . This is because the dust is not entirely composed of silicon, containing significant amounts of aluminum, calcium, and iron (10, 22, and 10 atomic percent of the metals present, respectively) as well as smaller amounts of magnesium and titanium (2 and 1 atomic percent, respectively). It is likely the presence of these elements as oxides and carbonates that account for the uptake of SO 2 observed on China loess.
[19] If the uptake was additive then it would be expected that the China loess sample would have a reactivity that can Figure 2 . A plot of the observed initial uptake coefficient, g o,obs , calculated using equation (1) for SO 2 uptake on CaCO 3 as a function samples mass. The data can be used to determine the true uptake coefficient using the BET surface area of the sample. The inset shows the data for a 122.8 mg sample of CaCO 3 . . Thus, the calculated value is within experimental error of the measured value of 3 ± 1 Â 10 À5 .
[20] There should be some caution exercised in generalizing these results. The agreement between the predicted and measured uptake coefficients, as outlined above, suggests that the various components of the loess sample have similar surface areas and that there is no surface segregation of any of the components. In addition, as authentic dusts most likely consists of aluminum silicate clays, e.g., kaolinite and others, and not pure SiO 2 and Al 2 O 3 the reactivity of the pure oxides are thus only approximations to the reactivity of clays. Current research is directed toward the use of clays as more representative models for mineral dust. These results will be reported at a later date.
FT-IR Spectroscopy of Oxide Particles Following the Adsorption of SO 2
[21] In order to learn more about the nature of the surfacebound species formed in the uptake of gas-phase SO 2 on oxide particles, FT-IR spectroscopy of several oxide samples including MgO, TiO 2 , a-Al 2 O 3 , and a-Fe 2 O 3 following exposure to gas-phase SO 2 was investigated. Representative spectra for a-Al 2 O 3 and MgO are shown in Figure 3 ; similar spectra are observed for the other oxides investigated. Upon exposure of SO 2 , new absorptions in the spectral range are evident in the oxide spectra. As the SO 2 exposure increases, so does the intensity of the prominent bands observed in the spectra until the surface saturates, at which point there is no further increase in these absorptions. For several of these oxides, the saturation coverage has been determined to be around 2 ± 1 Â 10 14 molecules/cm 2 [Goodman et al., 2001] . When this coverage is reached the heterogeneous uptake coefficient goes to zero as the surface is saturated with adsorbed SO 2 .
[22] The absorption bands present in the spectra shown in Figure 3 can be assigned with the aid from previous infrared studies of SO 2 absorption on surfaces [Deo et al., 1971; Low et al., 1971; Schoonheydt and Lunsford, 1972; Goodsel et al., 1972; Davis and Lunsford, 1978; Chang, 1978; Lavalley et al., 1981; Harrison et al., 1983; Karge and Dalla Lana, 1984; Datta et al., 1985; Saur et al., 1986; Mitchell et al., 1996; Allen and Hayhurst, 1996; Waqif et al., 1992; Stark et al., 1996] . Many, if not all, of these previous studies on oxides were conducted so as to investigate the use of these oxides as potential adsorbents for emission abatement of SO 2 into the atmosphere. The spectra shown in Figure 3 , as well as spectra obtained for the other oxides investigated, exhibit similar features to those in the literature and the bands are thus assigned to the stretching motion of adsorbed sulfite, SO 3 2À , and/or bisulfite, HSO 3 À . Because of the breadth of bands and number of bands observed in the region from 850 -1100 cm À1 there may be several types of coordination environments or coordination (monodentate and bidentate) to the surface. In the upper panel of Figure 3 , the main feature in the spectrum for alumina with adsorbed SO 2 (solid line) is a broad band around 1018 cm À1 . Lavalley et al.
[1981] described a similar feature near 1020 cm À1 upon adsorption of SO 2 which they assign as bisulfite; Meyer et al. [1980] lists the n 2 vibrational mode of aqueous HSO 3 À at 1021 cm
À1
. In the lower panel of Figure 3 , the solid line shows the spectrum of adsorbed SO 2 on MgO. Meyer et al. [1980] list vibrational modes n 1 and n 3 for aqueous SO 3 2À at 933 and 966 cm À1 respectively; Goodsel et al. [1972] list bands at 1041, and 956 cm À1 as belonging to a monodentate surface sulfito complex (n 3 and n 1 modes respectively) and bands at 1062 and 954 cm À1 that correspond to a bidentate surface sulfito complex. The formation of absorbed sulfate/bisulfite on the oxide particles is consistent with the reaction of gas-phase SO 2 with surface Figure 3 . FT-IR spectra of a-Al 2 O 3 and MgO following exposure to gas-phase SO 2 and then subsequent exposure to gas-phase O 3 . Based on the FT-IR absorptions, the surface species are identified as sulfite/bisulfite and sulfate/ bisulfate, following exposure to SO 2 (solid line) and then subsequently to O 3 (dashed lines), respectively. oxygen atoms and/or hydroxyl groups according to the reactions (4) and (5), respectively.
While SO 2 was shown by both Knudsen and IR experiments to strongly adsorb on the surface of nearly all the oxides studied, exposure of SO 2 to SiO 2 yielded no evidence of any adsorption.
[23] In the case of calcium carbonate, the reaction of SO 2
is thermodynamically favorable. Evidence for this reaction is found in the Knudsen cell experiments, where the evolution of CO 2 could be seen in the mass spectrum as SO 2 adsorbed on the surface. This reaction has also been observed in synthetic sea salt containing CaCO 3 [Gebel et al., 2000] .
Oxidation of Adsorbed SO 2 by Gas-Phase Ozone
[24] Reactions of oxides with SO 2 as studied in these experiments were shown by FT-IR to result in chemisorbed S(IV) species on the surface of the particles. It has been postulated that sulfates are formed in the atmosphere by oxidation of adsorbed SO 2 species by ozone according to the following reactions [Maahs, 1983a] :
The oxidation of adsorbed SO 2 with ozone on several oxides including MgO, a-Al 2 O 3 , and a-Fe 2 O 3 was investigated by transmission FT-IR spectroscopy. The conversion of chemisorbed sulfite/bisulfite to sulfate/ bisulfate is evident in the FT-IR spectra. The spectra following ozone exposure to sulfited a-Al 2 O 3 and MgO as a function of ozone exposure are shown in Figure 3 (dashed lines). New absorptions at high frequencies above 1000 and 1100 cm À1 for MgO and a-Al 2 O 3 , respectively, are consistent with the formation of a chemisorbed S(VI) species on the surface of the oxide particles [Martin et al., 2001b] . They are also consistent with vibrational modes for aqueous HSO 4 À (n 1 at 1230 cm
À1
; n 2 at 1050 cm À1 ) listed by Meyer et al. [1980] as well as assignments made by Schoonheydt and Lunsford [1972] for sulfate-like complexes on MgO (bands at 1060, 1170, and 1240 cm À1 , among others). Adsorbed SO 2 on the other oxides could also be oxidized with ozone and similar changes in the FT-IR spectra were observed.
[25] Experiments were performed in which the oxides, reacted first with SO 2 , were exposed to air and oxygen, and no conversion was observed, confirming that the sulfite/ bisulfite species were being oxidized by ozone. Knudsen cell experiments are currently being conducted to quantify the reaction probability of this process in order to determine its importance relative to other SO 2 oxidation processes.
Atmospheric Implications
[26] FT-IR spectroscopy shows that SO 2 is taken up on the surface to form an adsorbed S(IV) compound identified as adsorbed sulfite and/or bisulfite until the surface has become saturated around 2 ± 1 Â 10 14 molecules/cm 2 [Goodman et al., 2001] . Subsequent reaction with ozone shows that the adsorbed S(IV) species is oxidized to an adsorbed S(VI) species identified as sulfate and/or bisulfate. Thus the surface oxidation of adsorbed SO 2 by ozone illustrates a possible pathway to atmospheric sulfate on dust surfaces. Though the surface of dust particles loses its reactivity toward SO 2 with continued exposure, this oxidation pathway demonstrates one potential way that these particles could remain involved in processes even after surface saturation. Additionally, particles that have been oxidized to sulfate could take up more water than dust particles that have no sulfate, since atmospheric sulfate particles are hygroscopic [Zhang and Chan, 2002] , creating an aqueous layer that could then go on to further react with SO 2 .
[27] Evaluation of the loss mechanisms of SO 2 from the atmosphere against loss of SO 2 to the surface of dust particles is necessary to determine the importance of heterogeneous reactions in the atmosphere. In a previous paper , the rates of heterogeneous reactions were expressed in terms of a pseudo-first order mass transfer constant. From this rate constant, the lifetime of gas-phase molecules due to heterogeneous uptake can be calculated. The data for these calculations are shown in the double-y plot of Figure 4 , where the pseudo-first order mass transfer constant and the lifetime is calculated as a function of g. Since the total surface area available for reaction plays a role in heterogeneous chemistry, the pseudo-first order mass Figure 4 . Calculated mass transfer coefficients as a function of the heterogeneous uptake g, as described in the text and in Li et al. [2001] . Gas-phase loss rates due to reaction with OH, HO 2 and CH 3 O 2 are shown for comparison. This diagram shows that under certain conditions loss rates of SO 2 through heterogeneous uptake are comparable to gas phase loss rate mechanisms but not as large as for water droplets.
transfer rate is calculated as a function of different aerosol size distributions and particle densities. These distributions are labeled as urban area, dust, maritime aerosol, free troposphere (FT) at 4 and 8 km from the Earth's surface, and polar region. The details of these distributions are given in Table 2 . Figure 4 shows the rates and lifetimes of several known gas-phase loss mechanisms for SO 2 , listed at the right of the plot; the range of g for SO 2 is shown at the bottom of the plot. There is a certain rate constant and a certain lifetime associated with a given g at any given aerosol density. Using this plot, at any aerosol density, the relative importance of heterogeneous SO 2 loss can be judged against the gas-phase loss. From the plot, it can be seen that at most aerosol densities, the heterogeneous loss of SO 2 with a g between 10 À4 to 10 À5 is competitive with the gas-phase loss mechanism for cases of urban, dust, and maritime aerosol distributions. This suggests that the heterogeneous loss of SO 2 will have an impact on the partitioning of SO 2 in the atmosphere only under dry conditions as the uptake into water droplets is much greater [Jayne et al., 1990; Boniface et al., 2000] than the dust particles.
[28] The heterogeneous uptake coefficient of a China loess sample was shown to be within experimental error of the predicted value determined from the fractional amount and reactivity of the single component oxides and carbonates. These data suggest that chemical specificity should be included in model calculations along with size distributions in order to fully understand the impact that heterogeneous reactions involving mineral dust have on the atmosphere. The chemical specificity as well as the aggregation of the dust particles can also be used to determine the radiative optical properties of mineral aerosol as shown by Sokolik and Toon [1999] . ; Density, 2.0 g/cm 3 ; Mean, 0.07 mm (in the boundary layer); free path, 0.10 mm (at 4 km) and 0.16 mm (at 8 km).
c No. mode, modal distribution used. d n i , is the cumulative particle number distribution in cm À3 . e R i , is the mean particle radius in mm. f log s I , is a measure of particle polydispersity. g Note the major difference between background in the boundary layer and at 4 km and 8 km is the mean free path.
